S
cientists and resource managers have proposed the removal of nonfunctioning dams or dams that cause environmental harm or present unsafe conditions (Poff et al. 1997, Hart and Poff 2002) . The basis for assessment of the ecological responses to dam removal and for the design of ecologically effective removal practices is largely conceptual. Particularly in the Pacific Northwest, the adverse effects that large dams have on endangered anadromous salmon require extensive mitigation measures, such as transporting salmon around dams by barge (figure 1), and are a major factor driving dam removal proposals. The introductory article in this series by Hart and Poff (2002) identifies some of the general effects of dams and the responses to dam removal. This article will extend those issues and illustrate the challenges faced in western North America in the removal of high dams, such as the dams on the Elwha and Snake Rivers.
Although more than 75,000 dams have been built in the United States (Shuman 1995) , fewer than 500 have been removed. Most dams that have been removed are less than 10 meters (m) high, and no dams higher than 30 m have been removed. Now, however, at least seven high dams in the Pacific Northwest are being reviewed for possible removal (table  1) . Citizens and resource managers face a critical question: How much do we know about likely ecological responses to the removal of dams? Stanley and Doyle (2002) have described empirical studies of the ecological responses that follow removal of small dams, and Smith and colleagues (2000) reported on a regional study of those responses in the Pacific Northwest, but no empirical studies of the effects of removing high dams have been conducted.
This article provides a conceptual perspective of the ecological responses to large dam removal, based on our understanding of the structure and function of river ecosystems and on insights gained from small dam removals, where appropriate. We discuss geomorphic responses, hydrologic effects, and several major biological interactions that are affected by dams or their removal. These issues are illustrated in the scientific deliberations concerning removal of high dams in two river basins in the Pacific Northwest-the Elwha River and the Lower Snake River.
Geomorphic structure
The fundamental geomorphic change associated with a dam's presence on or removal from a river is the alteration of the longitudinal profile of the river. Dams create a long, flat water surface marked by an abrupt drop in elevation at the dam. After a dam is removed, water levels and channel positions more closely resemble the original morphology of the river, and the sediments that had been stored behind the dam are sculpted by the subsequent river flow. This adjustment to a new longitudinal profile can cause major changes in the distributions of aquatic organisms.
One of the major environmental challenges of removing high dams is the height of sediments behind the reservoir. This is less of a concern with low-head dams or dams in wide valleys, because the vertical relief of the low sediment deposits does not create as much potential for abrupt vertical erosion. The elevation of natural floodplains in most rivers is a small fraction (e.g., less than 1% to 10%) of the width of the bankfull river channel ("bankfull" is a hydrological measure that generally indicates the height or stage of water that just fills the channel). After high dams have been constructed, deposits of sediment upstream of the dam may exceed the relative dimensions of floodplain and bankfull channels found in natural river networks. The removal of a dam with deep sediment deposits may create high, unstable terraces that are accessible to flood waters at the upstream end of the reservoir that existed before the dam's removal but perched far above the channel at the downstream end. The potential for episodic flood erosion of these high terraces and incision of lateral channels into the terraces complicates the restoration of the river and its floodplain after dam removal.
The volume of sediments associated with dams-even low-head dams, in some cases-can have major geomorphic and biological consequences for downstream reaches. Removing a dam can release large volumes of sediment to downstream reaches over short periods of time and creates easily eroded floodplains. The timing of sediment release and the downstream extent of sediment deposition are difficult to predict, thus leading to a high degree of uncertainty about ecological effects. In addition, subsequent erosion of sediment deposits behind the dam results in frequent and complex channel change within the reach upstream of the dam.
Hydrologic regimes
Dams-particularly hydroelectric and flood-control damsalmost always alter daily, weekly, monthly, and seasonal hydrologic regimes (Poff et al. 1997) . Most dams dampen high flows, thereby reducing the beneficial effects of flooding (Junk et al. 1989) , such as transporting food into streams from the terrestrial ecosystem, providing floodplain areas for feeding during floods, scouring pools and creating riffles, cleaning silt and fine sediments from gravels, creating deposits of gravel for spawning, and creating complex wood accumulations. In many cases, low flows are augmented to provide water during dry periods and reduce water quality problems caused by point source and non-point source pollutants. As a result, extreme flows, both low and high, are abbreviated, and their influence in shaping the composition of aquatic communities and ecological processes is greatly reduced. For example, 11 flood control reservoirs were constructed in the Willamette River basin in Oregon from 1948 to 1964. Discharge records from the gaging station at Albany for the period 1893-1997 reveal that low flows (i.e., the daily flow that is exceeded 100% of the time) are more than 13 cubic meters per second (m 3 /s) greater, and peak flows (i.e., the daily flows that are exceeded less than 0.01% of the time) are almost 2000 m 3 /s lower, after dam implementation (table 2) . One of the major ecological benefits of dam removal is the restoration of hydrologic regimes, particularly in the local reach and immediately downstream. Such hydrologic changes are possible through modification of the dam's operation (without its removal), but the benefits to connectivity and geomorphic complexity afforded by removal would not be realized. It is possible to operate a dam to provide low flows and high flows that are similar in magnitude and timing to natural flows, but some modification of flow is inevitable for dams erected to store and release water to create peaking flow for powering turbines, to dampen flood flows, or to augment low flows. Even if natural flows are closely simulated in dam operation, the geomorphic effects of trapping sediment behind the dam and loss of connectivity for migrating organisms persist.
Interactions of geomorphic and hydrologic processes shape river channels through both erosional and depositional processes that occur during floods that fill the active channel and extend across river floodplains. If large floods are eliminated by dams, channels can incise and impede interaction with their floodplains. In the Willamette River in Oregon, more than 50% of the channel complexity has been reduced through active channel alteration, bank hardening, and hydrologic alteration through flood control (figure 2; Gregory et al. 2002) . Though only 26% of the length of riverbanks in the Willamette has been armored by riprap (continuous cover of large boulders) on one or both banks, two-thirds of the meanders in the river are hardened and anchored by riprap and channel dynamics are severely dampened. In general, the more dynamic reaches of river are straightened and altered, and these changes are augmented by lowered peak flows through dam operations. Dam removal potentially restores hydrologic conditions and permits more dynamic channels.
However, a possible unintended consequence is that society may attempt to attain its goals (e.g., flood control, water supply, and commerce) through different means, thereby nullifying gains provided by the new hydrologic and geomorphic conditions created by removal of dams. For example, concerns about uncontrolled flooding after removal of a dam may cause landowners and agencies to attempt to reduce bank erosion through riprap, levees, and other forms of channel hardening. Efforts to "discipline" channels may diminish some of the environmental benefits of dam removal. Similarly, local needs for electrical power may cause communities to turn to other methods of power generation that have other effects on the environment, such as air quality. Dams constructed to provide water supplies may be replaced with water withdrawals from groundwater. Though these alternative actions would not entirely negate the potential benefits of dam removal, decisionmakers are rarely faced with the task of simply removing a dam; the factors that led to its construction continue to influence community actions.
Biological responses
Dams in northwestern rivers influence salmonids and other species by eliminating spawning and rearing habitats in the area covered by reservoirs, changing water velocities that influence migration rates, altering currents that are attractants for migrating fish, forcing some fish through turbines where they experience extreme pressures, increasing river temperatures as the sun warms the slower waters of the reservoir, exposing migrating juvenile fishes to fish and avian predators, and modifying flood patterns that shape river habitats and maintain spawning gravels. Removal of dams potentially restores river temperature patterns, flow patterns for migrating fish, and flood dynamics. The potential negative impacts of dam removal on salmonids are associated primarily with the instabilities of sediments and terraces stored behind the dam. In the case of the Elwha River, planners hope to minimize these effects through temporal phasing of dam removal. In the case of the Snake River dams, federal agencies have examined options that would remove only the earthen portions of the dams and retain the concrete section to stabilize the upstream sediment deposits. Installation of dams has caused the decline of indigenous aquatic fauna and changes to riparian vegetation worldwide (Li et al. 1987 , Pfleiger and Grace 1987 , Friedman and Auble 1999 , Hughes and Parmalee 1999 , Aparecio et al. 2000 , Jansson et al. 2000 , Penczak and Kruk 2000 , Sharma 2001 ). Dams influence changes in species diversity in several ways. The stream and riparian habitats are changed by inundation, flow alterations, and influences on groundwater and the water table (Friedman and Auble 1999 , Shafroth 1999 , Rood and Mahoney 2000 . Because dams are barriers that limit the dispersal of organisms and propagules, migration patterns are interrupted, breaking key links in the life history of riverine and aquatic organisms , Jansson et al. 2000 , Morita et al. 2000 .
Direct impacts on survival. In several ways, dams have become killing fields for native aquatic species. Each dam can be thought of as a density-independent source of mortality, a type of predator that kills through the shear forces caused by the cavitation of turbine electrical generators (Coutant and Whitney 2000) . In the Columbia basin, each dam is estimated to kill 5% to 20% of all the juvenile salmonids migrating downstream (Raymond 1979 , Skalski 1998 . What is not known are the extended effects on survival of salmonids that pass through a number of dams through different migration paths from their natal streams to the ocean, a journey that requires weeks to months for most species of anadromous salmon. Moreover, negotiating each dam causes elevated levels of serum cortisol as a result of stress. This suppresses the immune system and exposes fish to higher risks of disease (Maule et al. 1988) . Dams create conditions that cause fishes to die from gas supersaturation, a condition similar to the bends (decompression sickness) in humans (Bouck 1980 , Crunkilton and Czarnezki 1980 , Penney 1987 ). When water spills over dams into deep water, atmospheric gases are dissolved in water under high pressure. This can lead to supersaturation of nitrogen at 110%-120% levels (Montgomery and Becker 1980, Ryan et al. 2000) . Unless there are shallow areas, such as riffles, where gas levels can equilibrate at the air-water interface, supersaturated conditions can extend for several kilometers. For aquatic organisms that move from deep water up to shallow depths, these conditions can lead to gas bubble disease, in which the supersaturated gases come out of solution in the organisms' body fluids and cause embolisms. Just as the bends can be fatal to scuba divers who surface too quickly, these gas bubbles can lead to dramatic kills of aquatic organisms.
Indirect effects on nutrients and water quality.
Dams are sediment traps that can keep nutrients such as silica sequestered behind dams, thereby changing community composition of phytoplankton downstream, as witnessed in the Black and Baltic Seas (Humborg et al. 2000) . Retention of nutrients behind dams due to the reduced velocity and longer residence time of water in the reach changes the availability of nutrients and composition of plant and microbial communities. Sediment trapping by dams will accumulate and store toxic materials that are adsorbed physically on sediment particles or absorbed actively by the biota attached to the sediments (Dauta et al. 1999) . Gravels and cobbles are sequestered behind dams, which limits their recruitment downstream and leads to habitat changes in streams and estuaries (Gosselink et al. 1974 , Kondolf 1997 .
Dams can change the natural variation of stream temperatures, depending upon the dam's size and mode of operation. Releases of hypolimnetic water (the colder, most dense layer of water in a reservoir that is thermally stratified) from high dams can lower stream temperatures, thereby limiting the reproduction of warmwater fishes and shifting downstream communities to coldwater organisms (Clarkson and Childs 2000) . Conversely, low-head dams can act as heat traps and shift community composition in the opposite direction (Walks et al. 2000) .
Indirect effects on species interactions. Distributions and abundance of native species can be altered around or within reservoirs by interactions with either nonnative species or other native species. Dams can create novel habitats, habitats of marginal value to native species, or intensified interactions among species.
Predators. Sediment trapping has clarified normally turbid streams in the Colorado and Missouri basins. One result has been that native fishes are now exposed to greater predation by piscivores (Pfleiger and Grace 1987 , Johnson and Hines 1999 , Petersen and Ward 1999 . Dams in streams of the Columbia basin created migration bottlenecks for migrating salmonids, exposing them to greater contact time with native predators such as northern pikeminnow (Ptychocheilus oregonensis) and avian predators (Buchanan et al. 1981) . In the American West, native fishes tend to be more adapted to lotic conditions because of the relative scarcity of interconnected streams and lakes. Therefore, lentic fishes or fishes that have evolved in drainages interdispersed with lentic systems, for example, the Upper Mississippi, were introduced (Moyle et al. 1986, Li and Moyle 1999) . Gamefishes are almost always carnivorous, and their introduction often foreshadowed a whole suite of novel interactions with the fauna that had not been exposed to their unique traits (Wydowski and Bennett 1981, Li and Moyle 1999) . In the Columbia River, the food web has been greatly altered, and the effect of introduced piscivores appears to have increased mortality in an additive fashion (Li et al. 1987 , Knutsen and Ward 1999 , Ward and Zimmerman 1999 . Compensation for this mortality in other stages of the organism's life has not been detected.
The distribution of piscivory varies in different reaches of the Columbia River basin. Predation by introduced sunfish and catfish is higher in the Snake River system, and predation by northern pikeminnow is greater than that by alien piscivores in the lower Columbia River (Zimmerman 1999) . In part, this reflects the patchy distribution of habitats and species in the system. In the Columbia River, most of the exotic fishes are located in backwaters and reaches with lentic characteristics, and native fishes are most common in the freeflowing mainstem (Hjort et al. 1981) . It also reflects the susceptibility of native fishes to alien predators. As an example, juveniles of fall run chinook salmon (Oncorhynchus tshawytscha) are smaller than spring-summer run chinook juveniles, and preference by alien smallmouth bass (Micropterus dolomieui) for them may reflect size-selective preferences (Tabor et al. 1993 , Zimmerman 1999 . As predicted by Li and colleagues (1987) , the nocturnal northern sandroller (Percopsis transmontana) appears to be more vulnerable to exotic piscivores, because their size and behavior make them vulnerable to smallmouth bass and the nocturnal walleye (Stizostedion vitreum).
In the Colorado River, the combination of the change in seasonal patterns of river discharge, water clarity, temperature, and the introduction of exotic species-all products of regulating the river-complicates recovery of the indigenous minnows and suckers. Radiotracking studies indicate that suitable habitats for native species still exist, but dispersal becomes problematic (Irving and Modde 2000 American shad. The American shad (Alosa sapidissima) illustrates a paradox that occurs when a species is more abundant in a new area to which it was introduced than in its native range. American shad is a highly prized, native anadromous fish along the Atlantic seaboard of North America. Dams are a primary cause of its severe decline. Many of these dams did not provide fish ladders, thus blocking passage to spawning areas upstream, and altered habitat conditions for pelagic eggs and shad larvae (figure 3a) (Walburg and Nichols 1967) . Ironically, this same fish is commonly found spawning in streams along the Pacific Coast, where it is an alien species (Lampman 1946) . Introduced to the Sacramento River in 1871, it expanded its range rapidly, and by the 1890s it had reached southeastern Alaska (Welander 1940) . To compound the irony, shad population growth exploded exponentially in the Columbia River following the installation of the Dalles Dam in 1960, which inundated Celilo Falls, thereby removing a barrier to upstream movement (figure 3b). Interestingly, this phase coincided with the steep decline of Pacific salmonids and the construction of several high dams.
The paradox can be explained by the fact that the dams, especially in Maine, were barriers, whereas, at least in one instance, the Dalles Dam gave shad access to spawning areas in the upper Columbia River. Further improvements to fish passage facilities may have facilitated expansion of the shad's range to Priest Rapids Dam in the upper mainstem Columbia River and to Lower Granite Dam in the Snake River drainage (Monk et al. 1989 ). Celilo Falls was not an impediment for Pacific salmonids migrating up the Columbia River; but the mainstem dams reduced salmon migration and also eliminated spawning habitat of fall run chinook salmon, which spawn only in higher-order streams.
A second factor is the effects of commercial harvest on shad populations-at its peak, approximately 50 million pounds were caught off the Atlantic Coast, a figure that is 13 million pounds greater than the highest shad run ever recorded for the Columbia River (from Boschung et al. 1983 ). Commercial harvest of shad in the Columbia River is small, approximately 740,000 pounds. Populations of shad may continue to expand in the Columbia River, but numbers are still only a fraction of what they must have been historically for shad on the Atlantic Coast. Columbia River fisheries managers, who have noticed the correlation between shad increase and salmon decline, are concerned about the potential for competition for food between shad and salmonids. The alternative explanation for the increase of shad in the Columbia River while Pacific salmon are declining is that the high dams of the Columbia River have opposite effects on shad and salmon.
Until we learn more about shad ecology in the Columbia River and conduct informative experiments and monitoring programs, the factors responsible for declines of shad on the Atlantic Coast and increases in shad on the Pacific Coast, including the influence of dams in the population trends, will remain controversial.
Freshwater mussels. Changes in flow, sediments, and temperatures when dams are removed may have noticeable effects on beds of freshwater bivalves. The hypolimnetic waters that are released by dams prevent gametogenesis and spawning of warmwater mussels (Neves 1999) . Fish species upon which mussel species depend during the glochidia stages (when the young mussel larvae are parasitic on fish) may also be affected by alteration of flow and temperatures downstream of dams; loss of host organisms creates an indirect negative effect on mussel colonization and survival. Within a few years of reservoir inundation, water depths and changes in sedimentation eliminate upstream bivalve beds. Because mussels and other bivalves depend on flowing water and unimpeded movements of host fish, dam removal may allow reconnection of populations of bivalves fragmented by lentic waters behind dams.
Case studies
In the Pacific Northwest, dams on the Columbia River system have eliminated access of anadromous salmonids to an estimated 55% of the total area and 33% of the total stream miles (Lichatowich 1999) . The National Research Council report on salmon concluded that "as many as 90% of young salmon might survive passage over, around, and through any individual hydropower project on the Columbia-Snake river mainstream" (NRC 1996) . For example, fish that must pass through a sequence of five dams with 90% success of passage through each dam would experience a loss of 41% of the original number that attempted to migrate downstream. Such cumulative effects of multiple dams on mainstem rivers are widely accepted as a major influence on the decline of anadromous salmon in the western United States.
The concepts and challenges described above can be illustrated through case studies of specific dams of the Pacific Northwest. The Elwha River dams, which may be the first high-head dams to be removed in the United States, illustrate the possible approaches for dealing with the challenges created by removing dams that have developed deep sediment deposits upstream (Stoker and Harbor 1991) . The Snake River dams provide examples of the complex decisions concerning endangered species and resource uses that removal of major dams entails. Collectively, these case studies point to some of the intricate issues facing decisionmakers in the consideration of the removal of large dams. , with a surface area of 168 ha. Both dams are operated as run-of-river dams (i.e., daily flows are not altered by the dams), but daily hydrological regimes are modified by the dams. But these dams block fish passage and trap more than 13 million m 3 of sediment, mostly behind Glines Canyon Dam. Plans to remove these dams to restore this ecosystem, particularly its salmonid runs, received federal approval with the Elwha River Ecosystem and Fisheries Restoration Act (PL 102-495), signed by President Bush in 1992, which authorizes the secretary of the interior to acquire the dams and remove them if their removal is necessary to achieve "the full restoration of the Elwha River ecosystem and native anadromous fisheries." The Department of the Interior purchased the dams in 2000, and they are scheduled to be removed in 2003 if additional funding can be obtained. The size of these dams, the magnitude of river discharge, and volume of sediments behind the dams make the prospective dam removal a much larger undertaking than other projects to date.
Dams of the Elwha
The precarious status of salmonids in the Pacific Northwest and the potential gain for spawning habitat of the Elwha's anadromous salmonid stocks provided the impetus for this ambitious project (Wunderlich et al. 1994 ). There are no precise estimates for historical production in this river, but according to 1987 estimates by the Joint Fish and Wildlife Agencies, there were potentially high numbers of pink (O. gorbuscha) and chum salmon (O. keta), and relatively high numbers of chinook and steelhead (O. mykiss), compared with other streams in the region. The river was renowned for the size of its fish, especially the chinook, which reportedly weighed more than 100 pounds apiece in the 1930s (FERC 1991) . Other salmonids present in the Elwha are anadromous coho (O. kisutch), resident and anadromous Dolly Varden (Salvelinus malma), and sea-run cutthroat (O. clarki). Hatchery coho, steelhead, and chinook are important competitors in the lower reaches. Pink salmon runs have declined rapidly since 1979, plummeting from runs of about 40,000 in 1959 to mere hundreds in recent years. Reduction of pink and chum salmon was related to predation by hatchery fish in other systems (Johnson 1973, Cardwell and Fresh 1979) , and predation may be an important factor in the lower Elwha as well.
The uppermost river reach is very steep, and most of the main river to Lake Mills meanders through alluvial deposits, sometimes flowing through steep canyons. A major waterfall at 55 km upstream from the mouth would limit some species from using much of the upper river reach. At present the middle reach is highly armored and dominated by cobble and large boulders. The short-term effects of dam removal will include the redistribution of large volumes of silt downstream (Stoker and Harbor 1991) tat in the middle reach. These changes would likely affect species that occupy the lower reaches of the river the most (e.g., chinook, pink, and chum salmon).
Return of anadromy could also affect food webs upstream. For example, resident steelhead and Dolly Varden would lose some spawning habitats associated with reservoirs and also be subject to greater competition and predation by juveniles of other salmonid species. Increased fish densities will benefit piscivorous predators such as common mergansers, great blue heron, and belted kingfishers. Presently, bald eagles, whose numbers are highly correlated to chum escapement in other Olympic watersheds, are uncommon (only six observations in winter 1990). Their scarcity is likely due to lack of prey. Based on estimates from the nearby Skagit River where bald eagles are numerous, 18,000 chum would attract about 140 bald eagles to the drainage (DellaSala et al. 1990 ). Availability of anadromous salmonids as prey for bald eagles will depend on coincidence of fish migrations and eagle arrivals. Salmon with migratory patterns less synchronized than chum with eagle movements, particularly pinks and chinook, could provide food only for eagles arriving in early winter.
The lake-like conditions of the reservoir reaches have created favorable conditions for almost a century for some plants and animals that will be adversely affected by dam removals. Shoreline cover along Lake Aldwell will greatly diminish and thus significant habitat for lacustrine mink will be removed (FERC 1991) . Surprisingly, beaver are likely to increase with recolonization of hardwoods along riverine terraces. Wetland biomes that have developed along lake edges will disappear with their associated plants, one of them a bicolored linanthus unique to the Elwha valley (FERC 1991) . Eventually other wetlands are expected to develop along stabilized backwater and meanders of the reestablished floodplains.
Overall, removing the dams will greatly enhance anadromous fish runs and, consequently, food chains. Dramatic increases in salmon carcasses are expected to provide nutrients and food resources to juvenile fishes and other aquatic predators. Changes in hydrology and return to natural flow patterns will influence downstream temperatures and instream dynamics. Average temperatures in the middle and lower river reaches will be lower than at present. Maximum daily water temperatures are 15 o C-20 o C in low water years (Washington Department of Fisheries, Elwha hatchery records); these levels are most likely harmful to fish eggs. These elevated water temperatures may increase the infection rate of Dermocystidium bacteria, which attack salmonids as they come from marine systems into fresh water (FERC 1991) . Lowered water temperatures after dam removal would decrease the incidence of the disease and thus potentially increase salmonid survival.
In 1990, invertebrates that were collected downstream of Glines Canyon Dam were significantly less diverse than in upstream reaches; they were characterized by early-colonizing species and abundant filter-feeding caddis flies. Dominance of baetid mayflies and chironomid midges reflected the almost daily fluctuating flows as dam releases pulsed through the system. Though the dams were managed as run-of-the-river flows, daily fluctuations were not conducive for stable invertebrate populations, especially organisms in habitats associated with the river margin, with potentially similar effects on young fish. More naturally predictable flows will contribute to increases in productivity at all levels.
Where the Elwha River flows into the Straits of Juan de Fuca, its estuary supports clam beds. When the Elwha and Glines Canyon dams are removed, an estimated increase of 160,000 m 3 in sediments will be supplied at the mouth of the river (FERC 1991) . It is possible that these sediments will have shortterm impacts on downstream communities and nearshore marine benthic communities and shellfish at the mouth of the Elwha River. During the years of the dams' operation, there has been a dramatic reduction of sediments (from approximately 115,000 to only 1835 m 3 per year). Coastal sediments have been reduced by 36%. The sand, gravel, and cobbles that would be reintroduced into the coastal zone may provide sufficient sediments to support a small increase in shellfish.
Dams of the Snake River. The Snake River, which once produced 45% of all chinook salmon found in the Columbia River basin (Hassemer et al. 1997) , has four dams-Ice Harbor, Lower Monumental, Little Goose, and Lower Granite Dams-that affect species of anadromous salmon listed as endangered under the Endangered Species Act (figure 5). A study of historical patterns of survival of different stocks of chinook salmon in the Columbia River basin concluded that survival dropped sharply in reaches affected by dams soon after construction, but survival did not change abruptly in reaches not influenced by dam construction (Schaller et al. 1999) . Removal of these dams might decrease the risk of extinction for these species. Coho salmon are now extinct in the Snake River. Sockeye were listed as endangered in 1992, and spring chinook, summer chinook, fall chinook, and steelhead were listed as threatened from 1993 to 1998. In February 2001, federal courts ruled that the US Army Corps of Engineers was required to comply with the Clean Water Act in its management of dams. The courts determined that the dams caused temperature increases and gas supersaturation that exceeded limits under the Clean Water Act. Future dam management operations must address the water quality goals and policies of the state and federal governments. Most management actions have focused on reducing effects of the dam by retrofitting dams with better passage facilities, trucking and barging the fish around the dams, or increasing the spill of water over the dams so that fewer fish went through the turbines. But all of these actions essentially coexist with the existing dams. The economic impacts have been hotly debated (see Whitelaw and MacMullan 2002) , but the consequences of dam removal on the risk of extinction of salmonids also has been controversial. More than 200 scientists signed a letter to President Clinton calling for removal of the four Snake River dams.
Recently, the US National Marine Fisheries Service estimated that anadromous salmon stocks have a 55%-100% probability of extinction over the next 100 years (NMFS 2000) . Despite dam passage improvements that have dramatically mitigated direct mortality associated with dams, the NMFS concluded that the removal of the dams would not reduce the risk of extinction under current conditions. They found that Snake River spring-summer chinook salmon would probably continue to decline toward extinction, and therefore NMFS recommended "modest reductions in firstyear mortality or estuarine mortality [to] reverse current population declines" (Kareiva et al. 2000) . Other scientists modeled these populations incorporating delayed first-year mortality. They considered the possibility that juvenile fish migrating downstream to the ocean might experience delayed mortality. If fish die later because of stress or injury, simple estimates of fish mortality as they pass directly through the immediate vicinity of a dam may be substantially lower than actual mortality. Modeling runs that incorporate higher delayed mortality rates indicated that removal of the Snake River dams could potentially reverse declines in Snake River chinook salmon (Dambacher et al. 2001) . Recent analysis of several data sources and modeling concluded that salmon smolts migrating through the dams experience delayed mortality (Budy et al. 2002) . All studies (Marmorek and Peters 1998 , NMFS 2000 , Budy 2001 ) reviewed by these authors concluded that fish that migrated through the hydrosystems in the river had survival rates that were approximately 25% to 50% lower than those for fish that were transported around the entire hydrosystem.
Studies suggest that upriver salmon will not benefit from the breaching of the Snake River dams (Kareiva et al. 2000, Zabel and Williams 2000) , but other interpretations of the data differ if delayed mortality is considered (Marmorek and Peters 1998 , Nemeth and Keifer 1999 , Schaller et al. 1999 , 2000 , Dambacher et al. 2001 , Petrosky et al. 2001 . Questions about mortality rates of different life history stages of anadromous salmon point to the need for better information about the impacts of human actions on salmonid populations and life history stages.
Connecting science and policy
Ecological responses to dam removal cannot be predicted with a high degree of certainty in complex river ecosystems. Public values and social actions also have large effects on ecosystems and the nature of resource decisions. Most people are reluctant to deconstruct anything they built and financed, even if they later realize that the decision may have been flawed. Resource managers must make critical decisions in the face of uncertainty and complicated social values. In such cases, one approach is the application of a precautionary philosophy in conjunction with the concepts of adaptive management. The precautionary principle generally suggests that, in the face of uncertainty, efforts to reduce impacts are prudent and reversible choices should be favored over irreversible choices (Ludwig et al. 1993 ) . But this too may be inadequate unless we integrate the larger cultural backdrop (social, economic, political, and legal aspects) concerning decisionmaking. Blumm and colleagues (1998) suggest that they have made this complete analysis for the Snake River dams. In their judgment, breaching these is the most logical step. Additional analysis will improve the basis for this decision, but the technical data will always be limited and decisionmakers will be forced to consider the weight of evidence and will have to make very difficult social and environmental decisions.
Dam removal or the breaching of dams will be controversial in many cases because of the many vested social and political interests. The role of science in forming policy is rapidly changing, and public confusion over the positions of dueling scientists is not uncommon. The current debate surrounding the Snake River dams and the dams of the Elwha River in Washington illustrates the high degree of uncertainty inherent in projecting ecological responses to dam removal. The first challenge is the complexity of physical responses in the naturally variable environments of river systems. Projections of geomorphic and hydrologic changes are not simple and will vary greatly based on local landscapes and climate. Ecological interactions are complex because of the interactions between adjacent terrestrial and aquatic ecosystems, predator-prey interactions, competition, succession, and dispersal of aquatic and terrestrial organisms. Even more complex is the array of social actions in river systems that dictate ecological responses, such as hydrologic alteration, water diversion, bank hardening, land use conversion, exotic species introductions, and water quality impairment. Resource managers and the public must recognize that precise predictions of ecological change after dam removal are not possible. Nevertheless, the conceptual framework provided by our knowledge of stream ecosystems and their interactions within the landscape provide a basis for prudent choices and adaptive management to local responses to dam removal.
